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One of the most technologically advanced energy conversion devices is the gas turbine used in aerospace jet engines and gas-fired land-based turbines for electricity generation, fabricated from Ni-based superalloys. A single unit of the latter can produce about 480 MW. High-temperature tensile strength, as well as creep and oxidation resistance are major prerequisites for turbine blade materials due to the extreme conditions in the engine combustor having an inlet temperature greater than 1650 K.
1 Furthermore, the thermodynamic efficiency of an engine is directly related to the operating temperatures of these turbine blades. Singlecrystal, two-phase Ni-based superalloys are currently used for turbine blades owing to their unique microstructure: a Ni-rich face-centered cubic ͑fcc͒ matrix ͑␥-phase͒ accommodating a large volume fraction ͑Ͼ70%͒ of Ni 3 Al ͑L1 2 ͒-type ␥Ј-precipitates. The ␥-matrix is typically strengthened by the additions of Mo, W, Nb, and Re, which also reduce significantly the coarsening rate of the ␥Ј-precipitates. Alloying with Ta, Ti, and Nb enhances the nucleation current of the ␥Ј-Ni 3 ͑Al, Ta, Ti, Nb͒ precipitates and therefore the volume fraction of the ␥Ј-phase. 1 The similarity in their crystal structures and the small lattice-parameter mismatch between the ␥-and ␥Ј-phases leads to the formation of coherent ␥Ј/ ␥ heterophase interfaces. The nature of the ␥Ј/ ␥ interfaces is of utmost importance for the physical properties of Ni-based superalloys. For example, segregation of different elements at ␥Ј/ ␥ interfaces can reduce their interfacial free energy .
2, 3 The effect of W on the chemistry and nanostructure of a Ni-Al-Cr alloy was thoroughly investigated. 4 The occurrence, however, of interfacial segregation of W at ␥Ј/ ␥ interfaces in complex nickel-based superalloys is not yet well understood. Employing atom-probe tomography 5, 6 ͑APT͒ and first-principles calculations, we study the segregation of W at different ␥Ј/ ␥ interfaces. We present direct evidence for confined, nonmonotonic, and interfacial segregation of W in a multicomponent Ni-based superalloy.
A Ni-based superalloy having a nominal composition of Ni-15.1 Al-7.73 Cr-7.31 Co-1.97 Ta-0.9 Mo-0.75 W-0.46 Re-0.67 C-0.05 Hf ͑at %͒ was directionally solidified at a cooling rate of ␣ = −0.03 K s −1 to form a ͗100͘-oriented single crystal. APT microtip samples were prepared by electrochemical polishing. 7 Pulsed-laser APT was performed using a local-electrode atom-probe ͑LEAP™͒ tomograph at a specimen temperature of 40Ϯ 0.3 K, a 200 kHz pulse repetition rate, an energy of ϳ0.6 nJ pulse −1 , and a gauge pressure of Ͻ5 ϫ 10 −9 Pa. These experimental conditions were determined to optimize compositional accuracy in Ni-based alloys. 8 Data analysis was performed using IVAS® ͑Imago Scientific Instruments͒. Transmission electron microscopy ͑TEM͒ was performed employing an Hitachi HF-8100 to complement the APT.
The directionally solidified alloy is essentially a single crystal containing a dendritic microstructure with a mean dendritic arm spacing of ϳ650 m. The cores of the dendrites and interdendritic regions differ in composition and in the volume fraction of the ␥Ј-precipitates. Figure 1͑a͒ is a TEM image, taken from the core of a dendrite of the alloy, showing a large volume fraction ͑ca. 70%͒ of cuboidal ␥Ј-precipitates embedded in the ␥-matrix. A selected-area electron diffraction ͑SAED͒ pattern, Fig.  1͑b͒ , acquired from the same area shows reflections from both the ␥͑fcc͒-lattice and the ␥Ј͑L1 2 ͒-superlattice indicated by the pattern of alternating weak and strong spots. Both patterns coincide because of the small ␥Ј/ ␥ lattice parameter misfit. The ␥Ј-precipitates are aligned along the elastically soft ͗100͘-type directions and possess ͕100͖-type facets. Figure 1͑c͒ is an APT reconstruction that intercepts two large ␥Ј-precipitates separated by a thin ␥-lamella. Employing the proximity histogram technique, 9 composition profiles were measured parallel to both ␥Ј/ ␥ interfaces, Fig. 1 , to quantify the elemental distributions. It is found that flat ͕100͖-type interfaces exhibit a considerable level of confined ͑nonmono-tonic͒ W segregation, while curved interfaces ͑non-͕100͖-type͒ belonging to spheroidal precipitates do not display measurable evidence of W excess. 10 Figure 2 displays a composition profile across ͕100͖ interfaces, highlighting the tungsten excess.
The change in the interfacial free energy ⌬ ͑it can be either positive or negative͒ due to interfacial segregation is determined using the Gibbs adsorption isotherm. Since our sample was not held at a constant temperature T, we obtain an effective temperature by calculating the integrated rootmean-squared ͑rms͒ diffusion distance of W in the ␥-phase during quenching from a given T to a temperature at which diffusion is negligible. 12 The value of the rms diffusion distance was estimated using the temperature-dependent interdiffusivity of W in the ␥͑fcc͒ Ni-10 wt. % W phase at the pertinent temperature range. 13 This rms diffusion distance was compared with the width of the experimental W profile ͑ϳ1 nm͒, Fig. 2͑b͒ , indicating that this profile is the result of cooling from T = 873 K at 0.03 K s −1 ; therefore, it represents the frozen-in local equilibrium state at 873 K. Also, this means that vacancies achieve their equilibrium concentration at least 1 nm from the interface. The interfacial excess of W shown in Fig. 2͑b͒ yields a decrease in the ␥Ј/ ␥ interfacial free energy of ⌬ = −5.9 mJ m −2 . The effect of temperature on the interfacial free energy is considered by adding a −s s ⌬T term, where s s is the specific entropy of segregation and ⌬T is defined as the effective temperature variance around T = 873 K. While a ⌬T of ϳ30 K is evaluated using a similar calculation, the assessment of s s is not straightforward. Estimates of the latter in different metallic systems range from −1 to −7 J mol −1 K −1 ͑including the possible effect of point defects͒. 14, 15 Overall, the effect of temperature contributes less than 0.5 mJ m −2 to the value of ⌬. The APT results are supplemented by first-principles calculations of the interfacial energies of three different ␥Ј/ ␥ interfaces at 0 K. A model W-microalloyed Ni-Al system was selected to simulate the experimental conditions. Firstprinciples calculations were performed to calculate the effect of W for several ␥Ј/ ␥ interfaces using the plane wave pseudopotential total energy method with the local density approximation ͑LDA͒, as implemented in the Vienna ab initio simulation package ͑VASP͒. 16, 17 The LDA calculations employed the exchange correlation energy and the projector augmented wave potentials. 18 A plane-wave basis set was used with an energy cutoff of 300 eV to represent the KohnSham wave functions. A uniform, optimized, 16ϫ 16ϫ 2 k-point mesh was used in sampling the integrations over the Brillouin zone. Ground-state atomic geometries of all the structures were obtained by minimizing the total energy using Hellman-Feynman forces to a value of 5 meV Å −1 . The total energies of the relaxed structures were converged with respect to an energy cutoff of 0.2 meV atom −1 . A system of 16ϫ 2 ϫ 2 unit cells with 256 total atoms was constructed for a ͕100͖-type heterophase interface, where the ␥-phase was represented by a fcc lattice of pure Ni with 8 ϫ 2 ϫ 2 unit cells and the ␥Ј-phase was represented by a L1 2 lattice with 8 ϫ 2 ϫ 2 unit cells having the exact Ni 3 Al stoichiometry. There are two identical but opposite ␥Ј/ ␥ interfaces in a periodic supercell. Similarly, ͕110͖-and ͕111͖-type interfaces were fabricated containing 50% ␥Ј-and 50% ␥-phases. The distance between two ␥Ј/ ␥ interfaces was optimized to minimize the interactions between them within the superlattice. The energies of these interfaces were calculated as a function of the position of a W atom from the ͕100͖, ͕110͖, and ͕111͖ interfaces. On the ␥-matrix side of the interface, each Ni atom is a potential substitutional site for a W atom, while on the ␥Ј-precipitate side, a W atom was placed only at an Al sublattice site because of the strong preference of W for these sites. [19] [20] [21] Since the atomic planes parallel to the ͕110͖-and ͕111͖-interfaces on the ␥-side are all chemically identical, the W atoms were located at equal distances of a / ͱ 2 and a / ͱ 3 from these interfaces, respectively, where a = 0.3574 nm is the L1 2 lattice parameter. The ␥Ј-side parallel to the ͕100͖ interface consists, however, of alternating chemically mixed ͕100͖-and pure Ni-͕200͖ atomic planes. For the ͕100͖-interface, the W atom was located only at the ͕100͖-planes separated by a lattice parameter distance a from each other. The calculated values of the interfacial energies are plotted in Fig. 3 . By convention, the dividing plane is taken to be the first chemically mixed plane for all three interfaces. It is found that at distances of 0.75 nm or larger, W has no effect on the interfacial energies. The calculated interfacial energies at 0 K of the pure Ni 3 Al/ Ni interfaces without W are 42.6, 29.1, and 16.0 mJ m −2 for the ͕100͖, ͕110͖, and ͕111͖ interfaces, respectively; these interfacial energies do not include entropic effects due to temperature, which will decrease these 0 K values. These values are in approximate agreement with those calculated at 0 K by Mishin 20 using embedded-atom method potentials, which are 46, 28, and 12 mJ m −2 for the same planes, respectively. The most intriguing result of the first-principles calculations is the short-range effect of W on the interfacial energies. As shown in Fig. 3 , the energy of the ͕100͖-interfaces decreases by 5 mJ m −2 as the W atom approaches it, which is consistent with our experimental observations. Conversely, the energies of the ͕110͖-and ͕111͖-interfaces increase by 1 and 9 mJ m −2 , respectively, due to the presence of W, thereby predicting that there should not be W segregation at these interfaces but rather a depletion of W. It is noteworthy that the minimum of the ͕100͖ interfacial energy is obtained for W substituting for Ni at the second ͕100͖-plane on the ␥-side ͑in contrast with the symmetric profiles across the other interfaces͒. Similar calculations of the Mg formation energy across the ␣-Al/ Al 3 Sc ͕100͖-interface demonstrate vividly the importance of the effect of electronic structure on interfacial segregation at coherent interfaces. 22 Our results account for the effect of W on the evolving morphology of ␥Ј-precipitates in a ternary Ni-10 Al-8.5 Cr ͑at %͒ alloy at 1073 K, showing that adding 2 at % W reduces the time at which a cuboidal-to-spheroidal morphological change occurs from 64 h in the Ni-Al-Cr ternary to 32 h in the Ni-AlCr-W quaternary alloy. 23 Our results suggest that W helps to stabilize the ͕100͖ facets of the ␥Ј-precipitates by preferentially reducing the interfacial free energy of these facets with respect to facets involving other ͕hkl͖ planes. Furthermore, in an other experiment by Sudbrack et al. 4 a slight excess of W is observed near the ␥Ј/ ␥ interface only after long aging times ͑264 h͒ at 1073 K in a Ni-10 Al-8.5 Cr-2 W ͑at %͒ alloy. This W excess was not observed, however, at shorter times ͑0.25 h͒. Our results explain this, too, as after 0.25 h aging the precipitates are spheroidal, but after 264 h aging they attain cuboidal morphologies with ͕100͖-facets exhibiting W segregation.
In conclusion, confined ͑nonmonotonic͒ heterophase interfacial segregation of W resulting in a Gibbsian interfacial excess of 1.2Ϯ 0.2 at.nm −2 was observed for ͕100͖-type ␥Ј/ ␥ interfaces in Ni-based superalloy, with an effective reduction of 5 mJ m −2 in its interfacial free energy at 873 K; whereas no W excess was observed experimentally at other ␥Ј/ ␥ interfaces. This trend is in excellent agreement with our first-principles calculations showing a decrease in the interfacial energy of the ͕100͖-and an increase in those of the ͕110͖-, and ͕111͖-interfaces in the presence of W. FIG. 3 . Interfacial energies of ␥Ј/ ␥ interfaces at 0 K as a function of the distance of a W atom from an interface as determined using first-principles calculations performed in a model Ni͑␥͒ / Ni 3 Al͑␥Ј͒ system. The presence of W in the vicinity of the ͕100͖-type interface decreases its interfacial energy, while the ͕110͖-and ͕111͖-interfaces exhibit the opposite effect.
